Chapter 5

Bioimpedance measurements in hemodialysis patients and relation

with clinical state

5.1 Introduction

In hemodialysis (HD), dry weight is defined as the ideal weight at the end of the
hemodialysis session with normal blood pressure and without oedema. Uremic patients,
regardless of whether they are undergoing renal substitutive treatment in hemodialysis
(HD) or peritoneal dialysis (PD), show a continuous variation in the hydration state, which
is difficult to interpret. They also display a reduction in fat free mass (FFM) and fat mass
(FAT), accompanied by hypertension and cardiovascular risk with a high index of

morbidity-mortality.

Mainly two bioimpedance methods are used in HD: multifrequency, based in the Cole-
Cole model and monofrequency, normally using the BIVA method to analyze fluid
distribution and nutritional state in HD patients. The BIVA method offers a combined
assessment of hydration and nutritional state within one graph. It does not, however,

provide an absolute number for dry weight (Piccoli et al 1996, 1998).

The aim of this study is to demonstrate the usefulness of the bioimpedance techniques to
classify patients by their hydration and nutrition state. We made multifrequency and

monofrequency (50 kHz) measurements.

5.2 Subject and Methods

5.2.1 Patients

Measurements were taken at the Service of Nephrology of the Saturnino Lora Provincial
University Hospital in Santiago de Cuba between January 2000 and November 2002. The
patients were classified, a priori, as either stable (without oedema) or critical (hyper-
hydrated, with oedema and malnutrition) by clinical inspection. The hospital medical team
made this classification and the follow up of patients for this study was concluded in

October 2003. Bioimpedance measurements were taken before and after HD sessions.
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5.2.2 Bioimpedance measurement protocol

The measurement configuration was the standard distal BIA configuration to whole-body
(or hand-foot) (Grimnes and Martinsen 2000) with the patient in supine decubitus position.
Four electrodes: two current injectors I, and two voltage sensor V, were dorsally placed on
the right hand in the third metacarpo-phalangeal articulation and in the -carpus,
respectively, 5 cm apart. The pair on the foot was located in the third metatarso-phalangeal
and in the articulation, 6 cm apart (Figure 4.2). We used disposable pre-gelled Ag/AgCl
electrodes (3M Red Dot, Canada). The right-side measurement is appropriate because in

HD sessions the right side is free of vascular accesses.

We used the impedance analyzer model BioScan: BL-960141 (Biologica, Barcelona,
Spain) (Figure 4.3). This system has been validated in comparison to other bioimpedance
analyzer (RJL-System) by Bland-Altman methods (Bland & Altman 1986, 1999), for more
details see previous chapter. Measurement errors are lower than 1 QQ and 1° at 50 kHz
using electrical models. Injected current has a level of 800 pA. A frequency of 50 kHz was
selected because this is the standard frequency used for BIA and BIVA (Ellis 2000,
Grimnes & Martinsen 2000, Picolli et al 1994). At 50 kHz the phase angle has a maximum

in healthy people, producing a reactive component (Xc) close also to a maximum.

5.2.3 Statistical analysis

The hypothesis of this study is that BIVA is an accurate method for identifying which HD
patients exhibit oedema and, in some cases, malnutrition. These patients had worse
prognoses for survival due to hypertension, acute lung oedema and a higher cardiovascular
risk than those with more controlled hydration. With this work hypothesis, we compared
BIVA results with the clinical diagnostic. We considered as our null hypothesis (Hy) that
both groups of patients, stable and critical, were extracted from the same population.
Statistical significance was set at P < 0.05. In order to compare the differences between
R/H and Xc/H parameters, we used Student’s t test, and to compare the complex Z/H
vector, we used Hotelling’s T? test (Hotelling 1947, Lentner 1982, Morrison 1967). The
number of patients measured before HD was 74 (46 stable, 28 critical). After HD, we
measured a subset of only 40 patients (21 stable and 19 critical). The data was analysed in
comparison to the tolerance ellipses using the BIVA method. The BIVA software is based
on a bivariate Hotelling’s analysis (Piccoli, Pastori, BIVA software, 2002-b), for which the
95% confidence ellipse and the 50%, 75% and 95% tolerance ellipses have been extracted

for the Cuban reference population using the RXc graph.
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5.3 Results

5.3.1 Multifrequency measurements

Previously, we analyzed the bioimpedance parameters (R, Xc,
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Z and PA) at

multifrequency (1, 5, 10, 50, 100, 225 kHz) in a sample of 42 patients (26: M-16 F, 30-60
yr, 1.50-1.60 m) undergoing HD session, before hemodialysis (BHD) and after
hemodialysis (AHD).

The Tables 5.1 and 5.2 show the change in the bioimpedance parameters before and after

HD (Nescolarde et al 2001).

Table 5.1- Bioimpedance parameter BHD in a sample of 42 patients with 63.3 + 10.4 kg and 23.2 +
5.3 of BMI before HD session

F(KHz) R (QY) -Xc(Q) Z(Q) -PA(°)
Mean + SD Mean + SD Mean + SD Mean + SD
1 334.2 + 63.7 292.5+36.4 492.6 + 86.6 90.3+3.2
5 487.1 +83.4 37.8+9.8 4899+ 84.4 44+0.8
10 476.2 £96.5 99+22.8 476.9 £96.7 1.6+04
50 446.9 + 66.5 57.2+10.9 450.6 +94.3 7.6+0.6
100 417.5+87.3 100.6 +£20.8 429.4 + 89.6 14.1+0.8
225 342.1+73.5 1789+ 32.6 386.4+79.7 28.3+1.3

Table 5.2- Bioimpedance parameter AHD in a sample of 42 patients with 61.0 = 13.1 kg and 22.7 +
5.2 of BMI after HD session

F(KHZ) R (Q ) -Xc (Q) V4 (Q ) -PA(O)
Mean *+ SD Mean * SD Mean *+ SD Mean * SD
1 449 .8 +63.2 268.4 £ 35.9 542.6 + 85.9 29.8+3.2
5 530.1 +£83.1 30.7+£9.6 530.5+85.9 24+0.5
10 512.7+96.3 6.8+22.4 512.7+96.7 1.1+£0.5
50 485.8 +63.7 64.4+11.5 489.6 £ 96.3 7.9+0.7
100 457.2 + 86.2 111.1+214 464.6 + 89.1 14.2+0.8
225 3729+ 72.6 196.1 + 33.2 420.8 £ 78.6 282+1.3

Figure 5.1 shows our results, the ones in figure 5.2 plus a reference sample (Nescolarde et
al 2001-a, 2001-b), excluding the measurements at 1 kHz and 5 kHz. Only measurements
between 10 kHz and 225 kHz were used, all the impedances at other frequencies were

extrapolated.
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using mathematical fitting (Nescolarde et al 2001-a). The Cole-Cole arc for a reference

(healthy) sample and for patients BHD and AHD show similar comportment compared to

results obtained by Cornish et al (1994 and 1996).

600 -

500 +

400 -

300
200 +

R, -Xc (Ohm)

100 -

10 50
Frequency, kHz

100

225

—e— R-BHD

—m— R-AHD
Xc-BHD
Xc-AHD

600 -

> %‘
400

300

Z, Ohm

200 -

100 ~

—e—ZBHD
—m—Z-AHD

10 50
Frequency, kHz

100

225

100 -

90 +
80 - \
70

—e— PA-BHD
—m— PA-AHD

\

60
2L\
SILNA

-PA, (degree)

10 50
Frequency, kHz

100

225

Figure 5.1- Mean value of multi-frequency bioimpedance parameters (R and Xc, Z, PA) before

BHD and after AHD session
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Figure 5.2- Cole-Cole arc of reference (healthy) sample REF and patients before BHD and after
AHD session (Nescolarde et al 2001-a).

In the next section, the BIVA method is used in a sample of hemodialysis patients in stable
(normo-hydrated) and critical (hyperhydrated and malnutrition) states, in order to establish

the relation between hyperhydration (oedema) and mortality.

5.3.2 Vectorial impedance
Table 5.3 and Table 5.4 show a comparison between both samples of patients—stable
(without oedema) and critical (with oedema) before and after HD respectively. The

bioelectrical parameters (R/H, Xc/H, PA), BMI, H and W are shown.
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Table 5.3- Impedance vector components in a sample of 74 Cuban patients, before HD session: 46
stable patients (28 men, 18 women) and 28 critical patients (16 men, 12 women)

Male Female
Stable Critical Stable Critical
19<BMI<30|20<BMI<22|19<BMI<30|20<BMI<22
age 18-70 age 18-70 age 18-70 age 18-70
Size, N 28 16 18 12
BMI, kg/n’
Men 23.1 22.5 25.0 22.2
SD 3.9 4.9 7.8 2.4
Weight, kg
Mean 63.3 65.1 59.2 53.7
SD 10.4 15.7 17.2 7.1
Height, cm
Mean 165.9 169.9 154.7 154.6
SD 13.0 6.0 9.6 5.0
R/H, Q/m
Mean 289.1 244.8 355.5 283.5
SD 40.7 45.5 74,9 439
-Xc/H, Q/m
Mean 26.6 17.7 32.8 17.9
SD 6.5 4.8 9.1 2.6
r(R/H, Xc/H) 0.9 0.8 0.9 0.7
-PA, °
Mean 5.2 4.1 5.2 3.7
SD 0.8 0.8 0.7 0.4

Table 5.4- Impedance vector components in a sample of 40 patients after HD session: 21 stable
patients (15 men, 6 women) and 19 critical patients (10 men, 9 women)

Male Female
Stable Critical Stable Critical
19<BMI<30|20<BMI<22|19<BMI<30|20<BMI<22
age 18-70 age 18-70 age 18-70 age 18-70
Size, N 15 10 6 9
BMI, kg/m’
Men 22.7 20.7 27.5 22.2
SD 3.6 2.8 8.0 2.1
Weight, kg
Mean 64.6 57.3 69.1 499
SD 124 8.8 21.5 3.7
Height, cm
Mean 168.5 166.5 158.5 153.2
SD 124 7.1 6.5 3.0
R/H, Q/m
Mean 303.5 264.5 366.2 3324
SD 51.1 28.2 63.5 55.2
-Xc/H, Q/m
Mean 30.1 21.4 37.0 21.5
SD 9.1 3.3 12.2 6.1
r(R/H, Xc/H) 0.8 0.6 0.9 0.8
-PA, °
Mean 5.6 4.7 5.7 3.6
SD 1.2 0.8 1.2 0.7
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Figure 5.3 shows the displacement for the mean Z/H vectors of each groups of Cuban

patients (separated by gender) before and after the HD session in the 50%, 75%, and 95%

tolerance ellipses for the Cuban reference population (Nescolarde et al 2004-a) (Figure 4.5).
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Figure 5.3-Mean RXc values for patients before HD and after HD compared with the tolerance
ellipses (50%, 75%, and 95%) for the Cuban reference population

In previous studies, we also analyzed the displacement of the impedance vector due to the

HD session in order to verify that the Z/H vectors had a similar trajectory in comparison to

other studies (Piccoli et al. 1994, 1996, 1998, 2002). For this analysis, we only measured a

subset of 40 patients (Figure 5.4).
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5.3.3 Statistical analysis before HD

In Table 5.5 and 5.6 the results before HD of the Student’s t test and Hotelling’s T test for

both patient groups, stable and critical: 30 women patients (18 stable, 12 critical), and 44

men patients (28 stable, 16 critical) are clasified by gender. In Figure 5.5 we can see,

through Z-Score (the 50%, 75% and 95% tolerances ellipses for the standard reference RXc-

score graph) the differences between the Z/H vectors.

Table 5.5- Student’s t test in a sample of 30 women patients before HD (18 stable, 12 critical), and in
a sample of 44 men patients before HD (28 stable, 16 critical)

R/H, 2/m|-Xc/H, Q/m -PA,°
Size, N| Mean Mean r(R/H, Xc/H) Mean
SD SD SD
Stable
19<BMI<30| 28 289.1 26.6 0.9 5.2
40.7 6.5 0.8
age 18-70
Male | itical
20<BMI<22| 16 | o v 0.8 oy
age 18-70 ' ) '
P (bilateral) 0.001 0.000 0.000
Stable
19 <BMI < 30 18 355.5 328 0.9 >-2
74.9 9.1 0.7
age 18-70
Female —
Critical 2835 17.9 3.7
20<BMI < 22 12 43'9 2'6 0.7 0.4
age 18-70 ' )
P (bilateral) 0.002 0.000 0.000

Table 5.6- Hotelling’s T? test in a sample of 30 women patients before HD (18 stable, 12 critical),
and in a sample of 44 men patients before HD (28 stable, 16 critical)

Women Men
Z/H®R/H, Xc/H) Z/H®R/H, Xc/H)
R/H | -Xc/H R/H | -Xc/H
spx | spy | "0 | spx | spy | "YX
425 5.9 0.8 64.5 7.3 0.8
P<0.05 P <0.05
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Figure 5.5- Stable and critical patients BHD and AHD (95% confidence interval) in Z-score of the
standard, reference RXc-score graph: (a) male sample (b) female sample

5.3.4 Confidence ellipses before HD

Through the 95% confidence ellipse, Figure 5.6 shows the Z/H vector differences between

both groups (separated by gender) more clearly. Separate 95% confidence ellipses of mean

vectors indicate a statistically significant difference in vector positions on the RXc graph,

which is equivalent (P < 0.05) to Hotelling’s T? for unpaired data (Piccoli, Pastori, BIVA

software 2002-b).
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61



Xc/H, Ohm/m

Chapter 5: Bioimpedance measurements in hemodialysis patients and relation with clinical state

5.3.5 Individual Z/H vector in tolerance ellipses.
Figure 5.7 shows individual bioimpedance vectors (Z/H) for each patient in comparison

with the tolerance ellipses of the reference population.
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Figure 5.7- Individual vectors for 28 critical patients (9 dead women and 11 dead men) and 46 stable
patients (0 dead women and 1 dead man) in the tolerance ellipses for the reference population

5.4 Discussion

The Cole-Cole model has been developed for muscle cells and does not take into account
the interface between electrodes and skin, or the subcutaneous tissue consisting of fat and
small vessels (Kuhlman et al 2005). The problem with multifrequency analyzers is that
errors at low and high frequencies are bigger than at medium frequencies i.e. 50 kHz. In the
multifrequency measurements, the high values of phase angle at low frequency BHD and
AHD, especially at 1 kHz, but also at 5 kHz, are not theoretically realistic (see table 5.1, 5.2
and figure 5.1). This error could be introduced due to high electrode impedance, the
anisotropy of muscle tissue (Piccoli et al 2005), and limitations on the bioimpedance
analyzer (at frequencies below 50 kHz the injected current is much lower due to safety

reason).

In Piccoli et al (1994, 1999-a) variations in hydration, without an alteration of tissue mass-
structure, are associated with a shortening (hyperhydrated-anasarca) or an enlargement
(dehydration) of the vector in the greater axis direction of the tolerance ellipses. On the
other hand, variations in the structure of soft tissue are associated with a migration of the
vector in the small axis direction of the ellipses, with either an increase in the phase angle

(obese, athletic) or a decrease in it (malnutrition-cachectic, anorexic). Advantages and
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applications of the RXc-graph with BIVA method in hemodialysis are shown in Piccoli et
al 1994-a, 1994-b, 1996, 1997, 1999-a, 1998-b, 2002-a, 2002-b, 2002-c, 2004-a, 2004-b,
2005-b, Kulhman et al 2005.

In our research, we observed combined variations of hydration and nutrition associated
with migration of the vector, in the direction of the combination of the two principal
directions (abscise R/H and ordinate X./H). There is a change in both components of Z/H
vector (R/H, Xc/H) and not of one of them (Piccoli et al 1999-b). The displacement for the
mean Z/H vectors in both groups of Cuban patients (separated by gender) before and after

the HD session is clearly represented in Figure 5.3.

Figure 5.7 shows the individual vectors for all the patients analysed. In a sample of 46
patients defined as stable by medical doctors, 1 man and 0 women died. This represents
2.2% of the studied total. In the sample of 28 critical patients, 9 women and 11 men died,
which represents 71.4% of the studied total. Analysis of the Z vector in the RXc plane is
interesting since it provides information on the hydration state (R/H) and on the structure
of soft tissues (Xc/H) without having to assume a patient’s dry weight. Statistical analysis,
using Student’s t test and Hotelling’s T? test, demonstrated that the parameters R/H, Xc/H
and the phase angle were significantly different for both patient groups (P < 0.05) (see
Tables 5.5 and 5.6), and through Z-score for reference population in Figures 5.5. In Figure
5.6 we can see a graphic representation, through the 95% confidence ellipses of BIVA
method, of the differences between the three components of the Z/H vector in both groups

of patients.

In previous studies (Piccoli et al 96, 98), the inferior pole of the 75% tolerance ellipse was
considered the threshold for oedema, as it obtained 100% sensitivity and 92% specificity
(Piccoli et al. 1994, 1996 and 1998). If we use a similar criterion, defining as critical those
patients outside the 75% tolerance ellipse and whose phase angles are lower than the mean
vector phase angle we have the following results: twenty-two patients, diagnosed as stable
by the clinic (10 women and 12 men), were hyperhydrated according to the BIVA method
and no patient diagnosed as critical by the clinic was oedema-free according to the results
of BIVA. The only stable patient died was not classified as stable by BIVA; the values for
the Z/H vector for this patient indicated hyperhydration (Figure 5.7).

Phase angle was directly correlated with several parameters of nutritional state and
independently associated with survival in hemodialysis patients (Chertow et al 1995, 1997).

Phase angle and vector length, however, are geometrically linked and, independent of
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nutritional state, a wider phase angle with longer vector length is observed in states of
dehydration. In addition, new criteria based on the phase angle (¢ = arctan X%)

(Chertow 1996, Maggiore et al 1996) or using the component Xc (Ott et al 1995, Ikilzer et
al 1999) have been proposed.

The RXc-graph area located outside the 75% tolerance ellipse, with phase angles lower
than 4° for women and 3.5° for men (Table 5.3 and Table 5.4), appears to be the best
threshold for survival ratio, with 100% sensitivity and 48% specificity (Figure 5.8). If we
consider the separation, following the clinical criterion made by doctors, the sensitivity was

95% and the specificity 84%.

100% sensitivity and 92% specificity
(Piccoli et al 1994, 1996, 1998)

50 -
Males

40

30 A

XcfH, Ohm/m

20 4

Xc/H, Ohm/m

0 100 200 300 400 500 0 100 200 300 400 500 600
R/H, Ohm/m R/H, Ohm/m

Figure 5.8- Critical zone in hard red with 100% sensitivity and 48% specificity

5.5 Conclusion

Some authors has shown that it is possible to obtain similar information at single
frequency, for example at 50 kHz, and at multifrequency (Kuhlman et al 2005, Piccoli et al
2005-a, 2005-b). Taking into account the multifrequency errors we used the BIVA analysis
at 50 kHz in HD patients.

Ikizler et al (1999) reported association of morbidity with markers of nutrition and
inflammation in chronic hemodialysis patients in a prospective study. Our results
demonstrate that there is a strong correlation between mortality and hyper-hydration

(oedema) in patients undergoing periodic hemodialysis, due to risk of cardiac failure and
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die present. Furthermore, the BIVA method could be used to detect hyper-hydration state
before edema appears, and to predict survival through PA. Although we propose
continuing to increase the sample size to confirm the statistical conclusions, BIVA could be
a low-cost, non-invasive, objective and fast method to complement the clinical diagnosis
and follow-up of HD patients. The follow-up of patients using the RXc-graph allows a
better adjustment of dialysis sessions, diuretics, hypotensors and diet (Nescolarde et al
2001-a, 2002-a, 2002-b, 2003, and 2004-a, 2004-b).
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